Abstract: We show that the proposed Large Hadron electron Collider (LHeC) will provide an opportunity to search for left-right symmetry and establish lepton number violation, complementing current and planned searches based on LHC data and neutrinoless double beta decay. We consider several plausible configurations for the LHeC -including different electron energies and polarizations, as well as distinct values for the charge misidentification rate. Within left-right symmetric theories we determine the values of right-handed neutrino and gauge boson masses that could be tested at the LHeC after one, five and ten years of operation. Our results indicate that this collider might probe, via the ∆L = 2 signal e − p → e + jjj, Majorana neutrino masses up to 1 TeV and W R masses up to ∼ 6.5 TeV. Interestingly, part of this parameter space is beyond the expected reach of the LHC and of future neutrinoless double beta decay experiments.
Introduction
Left-right (LR) symmetric models are compelling extensions of the Standard Model (SM) based on the gauge group SU (3) C ⊗ SU (2) L ⊗ SU (2) R ⊗ U (1) B−L [1] [2] [3] [4] [5] . Besides naturally appearing in many GUT theories, these models address some of the most pressing problems in particle physics. They give rise to active neutrino masses via the seesaw mechanism [6] [7] [8] [9] [10] provide a natural environment for baryogenesis through leptogenesis [11] , incorporate viable dark matter candidates [12] [13] [14] [15] [16] [17] , and directly address parity violation at the weak scale [4, 5] . The scale at which the left-right symmetry must be broken is, however, not predicted, implying that the masses of the new gauge bosons (Z R and W ± R ) are arbitrary. They may in principle lie close to the TeV scale and within the reach of the LHC and of future colliders.
At the LHC, both Z R and W ± R could be directly produced and searched for [18] [19] [20] [21] [22] [23] [24] [25] [26] . In the minimal left-right symmetric model, the masses of these gauge bosons are related by M Z = 1.7M W R for g R = g L . Since both gauge bosons share similar production cross sections at the LHC, the best way to constrain this minimal scenario is by performing W R searches. These searches have the additional advantage of directly probing the SU (2) R breaking scale -M W R = g R v R , where g R is the SU (2) R gauge coupling. The main W R search strategy is based on dilepton plus dijet data via→ W R → N R → qq. So far, no evidence of left-right symmetry has been observed. Using 19.7 fb −1 of data at 8 TeV of centre-of-mass energy, the CMS collaboration has excluded W R masses up to 3 TeV. The LHC projected limit [27] , for a luminosity of 300 fb −1 at 14 TeV, reaches W R masses of order 5.6 TeV. Further into the future, an alternative way of searching for LR models is offered by the Larger Hadron electron Collider (LHeC). The LHeC is a project still under design that aims to combine the intense hadron (proton and ion) beams of the Large Hadron Collider with a new electron accelerator at CERN. The main advantage of such a setup over the LHC would be the cleaner environment. Currently, the plan for the LHeC features a 60-140 GeV electron beam, with the possibility for electron polarization of up to 80% [28, 29] , colliding with a 7 TeV proton beam using the LHC tunnel, reaching 100 fb −1 integrated luminosity per year.
At the LHeC, the production of Majorana neutrinos via the lepton number violating signal p − → + jjj was investigated in the context of the Type I seesaw mechanism in [30] , within a simplified approach in [31] , and in the context of the left-right symmetric in [32] [33] [34] . In the latter, though, the background was not properly considered, producing a very optimistic result. In this paper, we aim to assess, within the left-right symmetric model, the sensitivity reach of the LHeC. To that end, we consider four possible LHeC configurations -with two different electron energies, 60 and 140 GeV, and two values of the polarization fraction, 0% and 80% -and take into account the relevant background processes in each case. A critical quantity in this regard turns out to be the charge-flip misidentification rate (MID), which determines the contribution of the main SM background, namely e − p → e − jjj. Our results consist of the regions, for each LHeC configuration and for three different values of the MID, in the plane Majorana neutrino mass vs. W R mass for which a signal at the LHeC can be seen at 95% C.L. after one, five, or ten years of data.
To determine if the LHeC has the potential to probe new regions of the parameter space, we will compare its expected sensitivity against current bounds and projected sensitivities at the LHC. We will show that, depending on the configuration and the MID rate achievable, the LHeC may play either a complementary or a leading role in the discovery of the left-right symmetric model. In the former case, the LHeC could not only confirm the existence of physics beyond the SM previously discovered at the LHC, but it would also pinpoint its left-right symmetric origin by making use of polarized electrons. In fact, the left-right model predicts that if the initial electron is chosen to be mostly right-handed the signal should get enhanced whereas the SM background must get reduced. In other words, if a signal is seen at the LHC consistent with a new charged gauge boson, the LHeC could undoubtedly confirm whether or not such signal has a right-handed nature by tuning the polarization. In the latter case, the LHeC could instead discover new physics not previously seen at the LHC. Our results indicate that this possibility is particularly likely for right-handed neutrino masses around 100 − 400 GeV.
The collider signal we investigate is e − p → e + jjj, and its observation at the LHeC would not only hint at the left-right symmetric model but also establish lepton number violation. In this regard, one can consider the LHeC and neutrinoless double beta decay experiments as complementary ways to search for ∆L = 2 processes. For this reason, we also compare the LHeC sensitivity regions we derived against the current bound from KamLAND-Zen [35] and the projected reach of nEXO [36] . We remark here that alternative mechanisms for neutrinoless double beta decay such as the one considered here decouple lifetime predictions for the decay from strong cosmological neutrino mass limits which apply only to the standard mechanism of light neutrino exchange. We will show that the LHeC may also probe lepton number violation beyond the reach of future neutrinoless double beta decay experiments.
Summarizing, the main novelties in our analysis of the left-right symmetric model at the LHeC are the following:
(i) We discuss several plausible configurations for the LHeC, with and without electron polarization and with different electron energies.
(ii) We properly take into account the background, pointing out the relevance of the charge flip MID rate.
(iii) We outline the regions of the parameter space for which the LHeC constitutes a complementary or leading search strategy for Majorana neutrinos and the left-right symmetric model.
The rest of the paper is organized as follows: In the next section we give a brief overview of the left-right symmetric model. Section 3 includes a summary of the most relevant current constraints on this model. Our main results are presented in Section 4 where we display the sensitivity reach for four LHeC configurations and three plausible values of the MID rate, and compare these regions against those from current and planned experiments. Lastly, we summarize and present our conclusions in section 6.
Left-right symmetric models
Left-right symmetric theories are extensions of the SM based on the gauge group SU (2) L ⊗ SU (2) R ⊗ U (1) B−L that can be realized at the TeV scale. The electric charge operator is given by
where T 3L/3R are the generators of left-and right-handed isospin. The fermions, which belong to the fundamental representation of SU (2) L/R , transform as 
Spontaneous symmetry breaking occurs when the neutral components of those multiplets acquire vacuum expectation values. The 
where v 1 and v 2 are the vevs of the neutral scalars in the bidoublet and g L = e/S W is the SU (2) L gauge coupling, with C W (S W ) being the cosine (sine) of the Weinberg angle. As for the right-handed gauge bosons, their masses are found to be
3)
In addition, a discrete left-right symmetry, e.g. parity, is often assumed so that g L = g R ≡ g, with the result that M Z R 1.7M W R (it is possible however to construct models with
[43] and references therein). Since the W R is, in this minimal framework, the lighest new gauge boson and its mass is directly connected to the leftright symmetry breaking scale, W R search strategies are typically the most efficient way to constrain left-right theories.
For most phenomenological analysis, the key parts of the Lagrangian are the charged current interactions,
where U L/R is the PMNS mixing matrix for the left-handed and right-handed leptons, whereas V L/R is the CKM matrix for the left and right-handed quarks, respectively. Notice that we assume no mixing between the SM W and the W R gauge bosons. On the one hand, stringent limits on such a mixing, from a multitude of data [44] , already exist.
Current Constraints
Several constraints, from collider and precision data, already exists on left-right models. Here we will briefly review the most stringent limits related to our analysis.
W R searches at the LHC
At present, the most stringent collider limits on left-right models stem from searches at the LHC [45, 46] . These searches rely on W R resonances decaying into right-handed neutrinos N R and charged leptons, and implicitly assume that M W R > M N R . The signal consists of dileptons plus dijets through the process pp → W R → lN l → llW * R → llqq. Final states with two isolated leptons and at least two jets in the final state are subject to a sizeable SM background arising from pp → W W + jets, ZZ + jets, W Z + jets,tt. The leptons might come from the W or Z decay, or simply from the τ decay. Moreover, since the W R will be resonantly produced, the two leptons in the final state come from the decay of heavy particles and hence their invariant mass is not peaked. An efficient way to reduce SM background without losing much of the signal is to apply hard cuts on the transverse energy of the jets and to enforce the invariant mass of the leptons to be sufficiently large.
Using an integrated luminosity of L = 4.7 fb −1 and 7 TeV of centre-of-mass energy, the ATLAS collaboration ruled out W R masses up to 2.5 TeV at 95% C.L. [45] . Similarly, CMS using much more data, L = 19.7 fb −1 with 8 TeV of centre-of-mass energy excluded W R masses up to 3 TeV at 95% C.L. [46] . In the figures presented in the next section, the parameter space excluded by the CMS 8 TeV eejj data is displayed as a dark green region. Notice that the LHC bounds tend to be quite weak when the Majorana neutrinos are light (M N R < 100 GeV or so), offering a discovery window for the LHeC, as we will show in the next section. The reason for this behavior is that as the mass of the Majorana neutrinos is reduced, the transverse energy of the jets might decrease to levels at which the signal events do not pass the cuts imposed by the collaboration to reduce the SM background. In other words, the signal has small acceptance for such light Majorana neutrinos.
Moreover, the quoted results from CMS do not enforce same-sign charge assignments [46] . The signal is simply determined by the total number of events l ± l ± jj, which is then compared to SM background expectations in order to draw exclusion regions in the Majorana neutrino vs. M W R mass plane. We should remark that ATLAS has actually performed a search for Majorana neutrinos, focused on same sign-dilepton resonances [47] . Nevertheless for right-handed neutrinos below 1 TeV the obtained limits are weaker for the eejj channel but slightly stronger for the µµjj one. By enforcing same-sign dileptons one can significantly reduce the SM background, but due to worse acceptance/efficiency for dielectron channels the reach for eejj ends up being similar to the one without charge requirements. This slight improvement in the µµjj is due to the relative better acceptance/efficiency caused by the muon silicon tracker. Hereafter, we will use the limits obtained from the eejj studies above, and compare with our finding for the e + jjj signal at the LHeC.
Besides the already mentioned CMS limits, the LHC projected limit for 300 fb −1 and 14 TeV centre-of-mass energy derived in [27] will also be displayed in our figures. According to it, the LHC has the potential to discover a new charged gauge boson with mass up to ∼ 5.6 TeV. It is important to stress, though, that even if the LHC were to observe a signal consistent with a W R gauge boson, it would be rather hard to establish a possible right-handed nature. At the LHeC, this task would be much easier thanks to the possibility of using polarized electron beams, which would increase (decrease) the For completeness we point out that similar analysis in the context of lepton number violation have been performed for the HERA and LEP experiments in [48] [49] [50] [51] [52] , and others in the context of Left-Right models [43, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] .
Neutrinoless Double Beta Decay
Neutrinoless double beta decay experiments are sensitive to neutrino masses and to lepton number violation through the decay mode (A, Z) → (A, Z + 2) + 2e − , as has been extensively reviewed in the literature [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . Currently, this search strategy is at a very promising state due to the various operating and planned experiments. The old limit on this decay rate, which was set by the Heidelberg-Moscow experiment in 2001 [78] , has been continuously improved [79] [80] [81] [82] and future projects will substantially raise existing limits on the neutrinoless double beta decay lifetime.
Within the left-right symmetric model, many analyses have already emphasized the role of these experiments in constraining the allowed parameter space [21, 24, 41, 44, [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] . Among the several diagrams that may contribute to neutrinoless double beta decay (0νββ) in left-right symmetric models (see [95] for a recent detailed study), we will focus on the purely right-handed Majorana neutrino contribution shown in Fig. 1 , which is entirely determined by the right-handed gauge interactions (the other contributions related to the left-right mixing and scalar triplets can be easily suppressed and will be neglected). In this setup, the non-observation of this lepton number violating process can be used to set bounds on the masses of the W R and the Majorana neutrino. Using the current limit from Kamland-Zen of 2.6 × 10 25 yrs [35] for the decay of 136 Xe, and the projected limit from nEXO of 6 × 10 27 yrs [36] one can find the current (projected) bound of [83, 95] Figure 2 . Feynman diagram for the signal ep → e + jjj at the LHeC. Since LHeC will be designed to allow right-handed polarized electron beams, it constitutes an exciting opportunity to probe lepton number violation and heavy Majorana neutrinos.
Hereafter we will take V e1 = 1 in order to compare our findings concerning 0νββ decay with collider bounds on equal footing. LHC searches for left-right symmetry, in fact, neglect the left-right mixing and assume 100% branching ratio into the lightest heavy neutrino, which is equivalent to taking V e1 = 1. In the figures presented in the next section, the region excluded by KamLAND-Zen is shown pink-shaded whereas the projected limit from nExo is displayed as a dashed pink line.
Meson Mixings
In the commonly adopted case of left-right parity the lower limit on the mass of the righthanded gauge boson from the K mass difference [20] is about 3 TeV [54] , assuming equal mixing matrices for left-and right-handed quarks. The precise limit depends somewhat on the choice of the discrete left-right symmetry (parity or charge conjugation). These discrete symmetries play a role in determining the relation between the Yukawa couplings of the theory, thus restricting the left-and right-handed quark and lepton mixing matrices, which set the aforementioned bound. We will exhibit this limit in the upcoming plots as a vertical dashed red line.
LHeC Prospects
The Large Hadron Electron Collider [28] (LHeC) is a proposed electron-proton collider with an electron beam of 60 GeV to possibly 140 GeV energy colliding with a proton beam of 7 TeV from the LHC. Interestingly, the LHeC is projected to surpass the integrated luminosity of the former ep collider HERA by two orders of magnitude, reaching L = 100 fb −1 per year. In what follows we will investigate the LHeC sensitivity to the leftright symmetric model for L = 100 fb −1 , L = 500 fb −1 and L = 1 ab −1 , corresponding respectively to one, five and ten years of LHeC operation.
The relevant signal, which violates lepton number by two units 2 , is illustrated in Fig. 2 .
A W R is exchanged between the initial particles resulting in the production of an on-shell Majorana neutrino, which subsequently decays into e + jj. Similarly to the LHC analyses, we do not include the decays of the Majorana neutrinos into other charged leptons (µ and τ ). In this way, the number of free parameters remains small and the comparison with other experiments is transparent. Since the centre-of-mass energy at the LHeC is of order 1.3 TeV, Majorana neutrinos with masses up to ∼ 1 TeV can be in principle probed. The W R gauge boson, on the other hand, is not produced on shell -unlike at the LHC -so its effects could be observed at the LHeC even if its mass is much larger than the centre-of-mass energy.
A key aspect concerning the LHeC is the possibility of using polarized electrons, but it is not yet clear what their maximum polarization, if any, will eventually be. The proposal 3 described in [28] discusses polarizations of P e = 60% and P e = 80%. Within the leftright model, using a polarized electron beam would certainly be an advantage because one could choose the initial electron to be mostly right-handed, enhancing the signal (which is induced by a right-handed current) and at the same time reducing the SM background. In addition, the polarized electron would offer a unique opportunity to unveil the left-right symmetric origin of an observed signal [32] . To be as general as possible, in our analysis we will consider two different polarizations: 0% (non-polarized) and 80%. The result for 60% polarization will be just slightly weaker than that for 80%.
In all, we will investigate four different configurations for the LHeC, correspoding to two possible electron energies and two different polarizations:
• Configuration 1: 60 GeV electron beam non-polarized;
• Configuration 2: 60 GeV electron beam 80% polarized;
• Configuration 3: 140 GeV electron beam non-polarized;
• Configuration 4: 140 GeV electron beam 80% polarized Without doing any calculations we can assert that configuration 1 is the least promising whereas configuration 4 offers the best prospects to probe the left-right model. On the other hand, whether configuration 2 is or not more suitable than configuration 3 cannot be ascertained beforehand and requires a detailed analysis, as the one presented in this section. One of our goals is precisely to settle this question. In addition, we want to establish the LHeC reach for each of these configurations and, based on that, to find out what the LHeC role might be in the search for the left-right symmetric model.
To do so, it is of utmost importance to properly treat the possible backgrounds at the LHeC. Since the signal e − p → e + jjj violates lepton number, it has no theoretical backgrounds from SM processes. That does not mean, however, that the search is backgroundfree. Due to detector effects, this signal still suffers from SM backgrounds stemming from electron charge misidentification (MID or charge flip), where a e − is misidentified as an e + -this crucial point was overlooked in [32] . This effect results in a significant background from processes of the type e − p → e − jjj, which do not violate lepton number. The charge misidentification rate at the LHeC plays, therefore, a crucial role in determining its sensitivity to the left-right symmetric model -it needs to be small enough to suppress the background. After sifting through the LHeC proposal and contacting several members of the LHeC collaboration, we realized that is unclear up to this point what the charge flip MID rate will be at the LHeC. Albeit, it is expected to reach levels below those found at the LHC, due to the the cleaner environment and the lower centre-of-mass energy. At the LHC, as a result of the high p T electrons, the MID rate is sizable, of order 1% [96] . In the absence of more precise data or estimates in this direction, we work under three MID scenarios for the LHeC: a conservative one with a MID rate of 1%, the same as at the LHC; a realistic one with a MID rate of 0.1%, which seems plausible for the LHeC; and an optimistic one with a MID rate of 0.01%, which may be difficult to achieve.
An additional possible background arises from the jet fake rate, but it was found to be, for the selection cuts discussed below, much smaller than the MID one and will therefore be ignored in the following. As for the SM background e + jjjν e ν e studied in [30, 31] , we checked that it is suppressed in our treatment, due to the hard jet p T cut we impose.
The signal (ep → e + jjj) and background (ep → e − jjj) were both simulated at parton level using Calchep [97] . In the calculation of the SM background, we accounted for collinear divergences using the Weizsäcker-Williams approximation [98] , which consist of replacing the electron with a photon with corresponding momentum and parton distribution function, as implemented in Calchep [97] . The resulting signal and background were then fed into Pythia for clustering and hadronization [99] , assuming a flat 100% acceptance times efficiency for the signal. We require the lepton jets to be isolated within a cone ∆R jj > 0.5 and ∆R je > 0.5. After several attempts, we found that the following cuts provide the best signal/noise ratio for the four LHeC configurations:
(4.1) Defining the statistical significance as S/ √ S + B, where S and B are the number of signal and background events, we can then draw -for a given LHeC configuration, luminosity, and MID rate -the region in the M N R vs. M W R plane leading to the observation of a lepton number violation signal at 95% C.L. with at least one event. The 95% C.L. signal regions that yield less than one event for the luminosities we considered were ignored.
In the following subsections, where our main results are presented, we determine and display these regions for the four different LHeC configurations. For each given configuration, we include three panels corresponding to specific values of the MID rate. In each of those panels, the sensitivity regions are displayed for one, five and ten years of data.
Configuration 1:
E e = 60 GeV, P e = 0
This configuration refers to a 60 GeV unpolarized electron beam and is the most pessimistic among the four we consider. Thus, it can give us a good idea of the minimum reach that can be achieved at the LHeC.
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2,000 4,000 6,000 8,000 . Left: assumes 1% MID rate; Right: adopts a 0.1% MID rate; Bottom: uses a 0.01% MID rate. We have superimposed current limits from eejj (dark green), KamLAND-Zen measurement (shaded pink); and projected limits from: eejj LHC data (light green) and nEXO (dashed pink line) sensitivity. Figure 3 shows the 95% C.L. regions delimiting the LHeC sensitivity to the lepton number violating signal ep → e + jjj mediated by a t-channel W R -see Fig. 2 . The three panels display these regions for different MID rates: 1% (left panel), 0.1% (right panel) and 0.01% (bottom panel). In each panel, the signal regions are obtained for three different luminosities, corresponding to one (100 fb −1 ), five (500 fb −1 ) and ten years (1 ab −1 ) of LHeC operation. The shape of the signal regions are determined by a combination of several factors including: (i) parton distribution functions, which favor Majorana neutrino masses around hundred of GeV's; (ii) the dependence on the W R mass; (iii) the phase space integral; (iv) the centre-of-mass energy, ∼ 1.3 TeV.
For comparison, we have overlaid the LHeC reach with the current (projected) limits previously discussed, stemming from KamLAND-Zen (nEXO) for neutrinoless double beta decay experiments, and from LHC8TeV (LHC14TeV) for collider searches.
From the left panel of Fig. 3 it can be read that the LHeC may probe W R masses up to 2 TeV, 3 TeV and 3.2 TeV respectively for L = 100 fb −1 (light blue), 500 fb −1 (blue), and 1000 fb −1 (dark blue). A large part of these regions have already been excluded by existing searches, and those that have not entirely lie within the expected sensitivity of future experiments, particularly of nEXO. In this rather pessimistic scenario, with no polarization and a MID rate of 1%, the LHeC would play a complementary role to other searches, and may help identify the left-right origin of the new physics signals that would have been already observed at the LHC and in nEXO. If the MID rate is instead 0.1% (right panel), the situation improves quite a bit, with the LHeC reach extending to W R masses of up to 4.2 TeV after 10 years of data. In this case, we already find a non-negligible region, for M N ∼ 100 GeV, where the LHeC can improve over the expected reach of the LHC. Even in this case, though, the entire region lies within the projected sensitivity of nEXO. To find, within this configuration, regions where the LHeC could perform better than nEXO we need to reduce further the MID rate and use at least five years of data, as illustrated in the bottom panel.
Thus, in order to ensure that the LHeC probes regions of the parameter space beyond the reach of existing and planned experiments, the MID rate within this configuration has to be kept below 0.1%. As we now show, the other configurations, with higher energy or polarized electrons, offer better prospects.
Configuration 2:
E e = 60 GeV, P e = 80%
In this configuration, the electron energy is the same but the beam is assumed to be 80% polarized. Ramping up the polarization to 80% increases the signal cross section by a factor of two or so, while reducing the SM background. We emphasize though that the most important aspect of increasing the electron polarization is not necessarily the improvement on the LHeC reach but the fact that by tuning the polarization one can decisively determine whether or not a possible signal increases (decreases) as we use right-handed (left-handed) polarized electron. In this way one can establish whether the signal has a left-right origin.
By comparing the sensitivity regions with those obtained for configuration 1, we can get a good idea of how important the polarizations effects are regarding the reach to W R masses. These regions are shown in Fig. 4 using the same conventions as before. After 10 years of data, the maximum W R mass that can be probed at the LHeC has increased to about 4, 5.5 and 6.5 TeV respectively for a MID rate of 1%, 0.1% and 0.01%. Interestingly, we see that in this case a MID rate of 0.1% (right panel) is enough to ensure that new regions of the parameter space can be explored at the LHeC. Such regions feature Majorana masses of order 200 GeV and W R masses between 4.5 and 5.5 TeV. Furthermore, for a MID rate of 0.01% (bottom panel), the LHeC could probe W R masses significantly beyond the expected reach of the LHC.
As our results illustrate, using a polarized electron beam at the LHeC would certainly increase the probability of producing Majorana neutrinos and establishing lepton number violation within the left-right symmetric model. Still, the MID rate is critical and needs to be small enough to guarantee that new regions of the parameter space are tested.
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1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 . Left: assumes 1% MID rate; Right: adopts a 0.1% MID rate; Bottom: uses a 0.01% MID rate. We have superimposed current limits from eejj (dark green), KamLAND-Zen measurement (shaded pink); and projected limits from: eejj LHC data (light green) and nEXO (dashed pink line) sensitivity.
Configuration 3:
E e = 140 GeV, P e = 0 Let us now examine the impact of increasing the energy of the electron beam to 140 GeV for unpolarized electrons -referred to as configuration 3. Comparing to configuration 1, we find that the number of signal events increases by a factor of two up to eight depending on the right-handed neutrino mass, whereas the number of background events passing our selection cuts triples. One could possibly impose harder cuts for configuration 3 (also for configuration 4) to reduce even further the SM background, but that would also dwindle the signal strength, which is not so large. Since we are enforcing the presence of at least one signal event at 95% C.L. the LHeC reach would be degraded.
The LHeC sensitivity regions for this configuration are shown in Fig. 5 , following the same conventions as before. These regions extend, for 10 years of data, up to W R masses of about 4, 5.5 and 7 TeV for a MID rate respectively of 1%, 0.1% and 0.01%. If the MID rate is 0.1% (right panel), the LHeC in this configuration would be able to probe 
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LHC8TeV LHC14TeV regions beyond the expected reach of the LHC after the first year, and after 5 years would be exploring areas that can neither be reached by nEXO. This discovery region features Majorana masses between 100 and 300 GeV, and W R masses between 4 and 5.5 TeV. Notice also that the W R mass reach of the LHeC extends beyond that expected at the LHC only for the optimistic MID rate (bottom panel).
LHeC
If we now compare, for each MID rate, the sensitivity regions with those we obtained in the previous subsection for the configuration 2 (figure 4), it becomes evident that the configuration 3 can probe larger regions of the parameter space. That is, if we had to choose between configuration 2 (E e = 60 GeV, P e = 80%) and configuration 3 (E e = 140 GeV, unpolarized), the latter would be a better choice -at least regarding the prospects of probing new regions of parameter space of the left-right model. . Left: assumes 1% MID rate; Right: adopts a 0.1% MID rate; Bottom: uses a 0.01% MID rate. We have superimposed current limits from eejj (dark green), Kamland-Zen measurement (shaded pink); and projected limits from: eejj LHC data (light green) and nEXO (dashed pink line) sensitivity.
Configuration 4:
E e = 140 GeV, P e = 80%
Let us now examine the most optimistic configuration, keeping the electron energy at 140 GeV but assuming that the electron beam is 80% polarized. The effect is similar to configuration 2. It enhances the signal cross section while diminishing the SM background. Figure 6 shows the resulting sensitivity regions following our conventions. Thanks to the electron polarization, the LHeC in this configuration can probe heavier W R gauge bosons and heavier Majorana neutrinos.
For this configuration, the LHeC may start probing regions of the parameter space beyond the expected reach of future experiments even for a conservative MID rate of 1% -see left panel. Most of that signal region would in any case be within the sensitivity of the LHC and nEXO, so the LHeC would mostly play a complementary role for such a MID rate. But if the MID rate goes down to 0.01% (bottom panel), an admittedly optimistic value, the reach of the LHec would extend to W R masses of almost 8 TeV, well beyond the reach of other experiments. In this case, the LHeC would be expected to play a leading role in the discovery of the left-right symmetry, probing new and sizable regions of the parameter space with just one year of data taking. For the more realistic MID rate of 0.1%, regions inaccessible to current and planned searches can be explored after 5 years of data, reaching W R masses of up to 6.5 TeV after 10 years.
Discussion
Our results demonstrate the potential of the proposed LHeC collider as far as probing TeV realizations of the left-right symmetric model. These findings rely on some assumptions and are therefore subject to few caveats:
(i) We have assumed for the double beta decay limits that the standard light neutrino mass mechanism is subleading, but its presence could actually cancel partly or fully the right-handed Majorana contribution. Moreover, there are other diagrams for double beta decay, which can also be related to LHC and LHeC processes. They would introduce, however, additional parameters, making the study more lengthy and not necessarily more illuminating.
(ii) Our study was focused on the minimal left-right model. However, other interesting realizations exist which are beyond the scope of this work. We stress though that our reasoning relies on the right-handed current, which is common to all left-right models.
(iii) We have compared, throughout this work, the LHeC sensitivity against the LHC 14 TeV and nEXO planned sensitivities. It is possible, though, that the actual sensitivities of these experiments turn out to be different, modifying the potential role of the LHeCfor better or worse.
(iv) We performed our analysis assuming a 100% flat rate for the acceptance times efficiency for both signal and background. Thus, our results may be a bit optimistic. In the near future with the release of detailed detector response for such events a more realistic analysis can be done.
With these caveats in mind, we draw our conclusions below.
Conclusions
We have investigated the potential sensitivity of the Large Hadron electron Collider (LHeC) to lepton number violation in the context of minimal left-right symmetric models. The LHeC is a proposed electron-proton collider that will combine the LHC proton beam of 7 TeV energy with a 60 − 140 GeV electron beam that can be up to 80% polarized. In our analysis, we considered four possible LHeC configurations encompassing different electron energies (E e = 60 GeV and E e = 140 GeV) and polarizations (P e = 0 and P e = 80%). Our results consists of the regions, in the plane (M W R , M N R ), that can be probed at 95% C.L. with one, five, or ten years of data for each LHeC configuration. The signal we studied is the lepton number violating process e − p → e + 3j, which is the analogue of neutrinoless double beta decay and the LHC process pp → 2e 2j. Due to charge misidentification, this signal might still suffer from a large detector background in the form of the process e − p → e − 3j. Thus, the charge misidentification (MID) rate at the LHeC played a crucial role in the entire analysis. In our figures, we displayed the sensitivity regions for three different values of this rate, namely 1%, 0.1% and 0.01%.
To determine the possible role of the LHeC in the search for the left-right symmetry and lepton number violation, we compared our sensitivity regions against the current and expected ones from the LHC and neutrinoless double beta decay experiments. Interestingly, we find that, depending on the configuration and MID rate, the LHeC could cover a sizable region of the parameter space inaccessible to other searches. In addition, the LHeC may also play an important complementary role by confirming a new physics signal previously observed in other experiments, and establishing its possible left-right origin. To do so, a polarized electron beam at the LHeC would be crucial.
Summarizing, our results show that LHeC is indeed an attractive machine in the quest for left-right symmetry and lepton number violation.
